Abstract-Measurement of the ground reaction force vector is important in clinical gait analysis and biomechanics research, for example to enable inverse dynamic calculations. Instrumented insoles allow biomechanical data to be collected outside of the motion analysis laboratory in many environments. However, current insole-based approaches typically measure only the vertical component of the reaction force and the plantar center of pressure. This work describes the development and evaluation of a silicone insole capable of measuring the complete three dimensional reaction force vector. The insole is optically based and low-cost with no complex manufacturing requirements. Accuracy over five nominal gait trails is shown to be on the order of 10% of the force range, with mean errors of 10.7 N in the shear directions and 68.1 N in normal. The insole can provide a simple mobile platform that allows kinetic gait data to be collected in many environments while minimally affecting the wearer's gait.
I. INTRODUCTION
Human motion analysis is an important tool for the identification and diagnoses of pathological gait disorders or abnormalities. Though there are a handful of motion analysis techniques of various technical sophistication, the modern motion analysis laboratory (MAL) typically shares a common set of equipment: a stereographic camera system for 3D linkage kinematics, with passive or active markers attached to the subject; one or more 3-or 6-axis force plates embedded in the floor for ground reaction force (GRF) and plantar center of pressure (CoP) measurement; a video camera for qualitative analysis; and an electromyography (EMG) recording system to estimate muscle activation.
This type of laboratory is valuable due to its ability to quantify joint kinematics, kinetics and muscle activity. The use of force plates and camera systems in a MAL has provided clinicians and researchers with a robust set of tools for analyzing human motion for nearly 30 years [1] , [2] . Inverse dynamic analysis can be performed to calculate external joint forces and torques. Additionally, algorithms such as computed muscle control [3] can be used to estimate muscle forces. This approach has several advantages over competing methods for muscle force estimation, such as the use of embedded in-vivo transducer placement [4] which is prohibitively invasive and EMG measurement [5] which is most effective for large, superficial muscles. GRF L.S. Lincoln and E. Parsons are students in the Bioinstrumentation Lab at the University of Utah, Salt Lake City, UT 84101 {lucas.lincoln, e.parsons}@utah.edu Stacy Bamberg is an assistant professor at the University of Utah, Salt Lake City, UT 84101 sjm.bamberg@utah.edu Jason Wheeler and Curt Salisbury are with the Intelligent Systems Controls Department, Sandia National Laboratories, Albuquerque, NM 87123 {jwwheel, cmsalis}@sandia.gov measurement using force plates is the current state of the art for most kinetic motion analysis research.
Despite these advantages, there are some distinct disadvantages to the use of conventional MAL equipment. First, an external reference motion capture system, such as roommounted force plates and cameras, limits motion capture to a laboratory setting. In these systems, the temporal amount of data which can be captured is limited by the subject's time in the laboratory and the spatial amount of data which can be captured is limited by the working volume of the laboratory. The range of gaits that can be captured is also limited by the environment; though stairs and ramps can be instrumented, common household and workplace obstacles must be brought in and adapted to function with a force plate to simulate daily tasks [6] , [7] , [8] .
Additionally, the biomechanics of the foot are difficult to analyze in these systems because force plate data capture the GRF from the CoP of the shoe sole rather than the foot. Different types of shoes can affect the gait parameters and change the plantar pressure distribution on the foot [9] . Measuring the pressure distribution inside the shoe can allow a more direct, accurate, and detailed measurement of the foot plantar pressures and allow more accurate analysis of the biomechanics of the foot joints and muscles.
Finally, in order to evaluate the chronic effects of gait disorders or parameters, motion capture must take place often, or over long time scales. Ideally, data can be captured in the everyday environment of the subject to evaluate the effects of stairs, ramps, terrain and obstacles on gait characteristics. The authors assert that a low cost, external-reference free, and mobile motion analysis system holds immense value for motion analysis; as well as asserting that an insole-based solution is preferred. Mobile kinematic gait analysis systems have been developed but kinetic measurement systems are immature relative to MAL technology.
Several instrumented insoles and shoes are available for vertical GRF and CoP measurement. The GaitShoe (Massachusetts Institute of Technology, Boston, MA, USA) has been shown to estimate vertical GRF using force-sensitiveresistors (FSRs) [10] . CoP has also been estimated with the LEAFS (University of Utah, Utah, USA) insoles using FSRs and validated against force plate data [11] . The Parotec System (Paromed Medizintechnik, Neubeuern, Germany) insole uses 24 microsensors embedded within a hydrocell to obtain CoP data [12] . The BioFoot (Instituto de Biomecanica de Valencia, Valencia, Spain) contains 64 piezoelectric sensors to acquire detailed plantar pressure distributions [13] . The F-scan (Tekscan Inc., Boston, MA, USA) uses 960 pressure sensors for an insole measurement system, which has been used to detect GRF events such as initial contact and toe-off [14] .
Insole technology for measuring shear forces began with magneto-resistive sensor technology in the fore-aft direction [15] and later adapted to measuring shear forces in two directions [16] in the 1980's. The magneto-resistive transducers can be coupled with load cells to obtain three-axis GRF with an insole [16] . The Kent Shear System (Kent University, Canterbury, UK) developed a bi-axial shear stress insole measurement system using piezoelectric resistors [17] . These shear insoles are constructed using cork and leather that are the same thickness as the transducer, so the subject's foot can come in direct contact with the shear transducer.
The XSens ForceShoe (XSens Technologies, Enschede, Netherlands) uses MEMS 3D inertial sensors in combination with load cells in an instrumented shoe to acquire threeaxis GRF and CoP [18] . The ability of the ForceShoe to measure the GRF in three directions has significantly improved mobile motion analysis. However, the instrumented shoe design may alter the wearer's gait, must be fit carefully and is expensive. The insole Parotec System has the capability to measure three-axis GRF using the shear modulus of elasticity of the hydrocell [19] but, has not yet been successfully implemented in research due to the sensitivity of the sensor locations [12] . The M3D system (Doshisha University, Kyoto, Japan), uses small, mobile force plates and inertial measurement units (IMU) attached externally to various shoe types and sizes to measure three-axis GRF and CoP [20] .
The insoles developed from previous research have been shown to accurately measure vertical GRF and plantar CoP. There is a need to measure three-axis GRF in order to accurately use inverse dynamics to resolve the joint kinetics and muscle forces. Although the instrumented ForceShoe can measure three-axis GRF, its applicability is limited by its high cost, limited range of shoe types/sizes and potential confounding effects on the wearer's gait. The work presented in this paper describes a novel, low-profile insole for measuring three-axis GRF and CoP with low cost tactile sensors, embedded in a silicone mold that can be adapted to various shoe types and sizes.
II. INSOLE DEVELOPMENT
The present work describes an elastomeric insole consisting of five 3-axis optical tactile sensor sites. The sensors are mounted on a flexible printed circuit board (PCB) and are embedded in silicone so as to not be felt by the wearer. The insole can be placed in most shoes within minimal effect on comfort or performance. The details of the sensors and insole are provided below.
A. Sensor Principal of Operation
The sensor uses reflected light intensity to detect the proximity of a reflective material. As a normal load is applied to the reflective material, the interstitial transparent material compresses and the reflective material moves closer to the light source (emitter) and light sensor (detector). This causes the detector to detect increased reflected light from the emitter. (See Fig. 1a and 1b ) Shear loads are sensed by adding absorptive regions to the reflective layer. An applied shear load changes the ratio of absorptive to reflective material between the emitter and the detector. The changes the amount of light reflected back to the detector. (See Fig. 1c  and 1d) 
B. Sensor Construction
The tactile sensor uses photomicrosensors (EE-SY199, Omron Corporation, Kyoto, Japan) containing a light emitter and detector. The emitter is potted in optically clear epoxy (ES1902 Hysol, Locktite, Henjel, Dusseldorf, Germany) and a clear layer of silicone rubber (Dragon Skin FAST, SmoothOn, Inc, Easton, Pennsylvania) is adhered atop the sensor. Attached to the top of the clear, resilient silicone layer is an opaque silicone layer with a pattern of absorptive (black) and reflective (white) areas. Utilizing 5 photomicrosensors, and designing the geometry of the microsensor layer and silicone mask, the sensor responds to strain in the elastomer in three directions with limited coupling between axes (see Figure 2) .
If all the emitters are on simultaneously, some of the detectors saturate. Therefore, the emitters are pulsed such that one emitter is on for 1ms, followed in sequence by each other emitter. Each emitter illuminates all detectors to some degree. This provides 25 different signals over 5ms for a 5 sensor array (5 pulsed emitters illuminating 5 detectors.)
C. Insole Construction
The insole was designed to utilize multiple instances (taxels) of the sensor described in the previous section. Each taxel is a 5 photomicrosensor layout as described in the previous section. Taxel positions within the shoe are based on the work in [10] and [11] , which enables accurate determination of CoP. The insole was designed on a flex circuit which is then molded into silicone to produce the insole. Each taxel is first covered in epoxy up to the top of the photomicrosensors. A thin (1-2 mm) layer of clear silicone is then molded and bonded to the top of the epoxy layer. Finally, the opaque silicone layer, with white squares directly over the microsensor array and black everywhere else, is molded directly to the top of the clear silicone. Because the silicone layers are identical (other than the color) the bond between these layers is excellent. The opaque layer can be very thin. In the insole used in the present work, the opaque layer was about 2mm, resulting in a total insole thickness of about 5.5mm. The insole with masks attached above the taxels is shown in Figure 3 . Note there is a header on the back of the insole on the lateral side of the shoe used to output the analog signals to the data acquisition system (DAQ). Fig. 4 displays the insole molded in silicone and ready for insertion into the shoe.
D. Training and Validation
As mentioned above, each taxel produces 25 unique signals related to the three-axis force measurement. With 5 taxels in this iteration of the insole, 125 total signals are produced. A linear least squares regression is used to train a model of the form:
where D1E1 is the response of detector 1 to emitter 5, and each α is a regression coefficient.
Coefficients are determined through a regression using at least 3 aggregate trials unique from the validation dataset.
III. EXPERIMENTAL PROCEDURE
A MAL was used for ground-truth measurement of the parameters of interest and was outfitted with a stereographic camera system (VICON, Oxford, UK) capable of submillimeter, 3D, passive, marker tracking, captured at 100Hz. In addition, the lab floor is outfitted with a ATMI OR6-7-2000-TT force plate with a resolution of 2.6lb over a range of 1000lb within a 18.25 x 20 x 3.25 in workspace. Force plate data werwe sampled at 1 kHz. The insole data were captured using a 16bit National Instruments (Austin, TX, USA) DAQ at 8kHz.
Tests on a single subject with the insole inside a common sneaker were performed. The shoe requires no alteration and, qualitatively, the insole imparts no unusual fit to the subject. A marker coordinate system was attached to the shoe to provide a transformation between shoe and MAL frames for sensor training purposes. The shoe, with the insole and marker system, is shown in Fig. 5 . Note that the coordinate system markers are only required for the sensor training and validation; and not for common data capture in the insole's end-use. The subject walked forward and backward across the force plate at a natural cadence. Each trial consisted of 6-8 steps (half forward, half reverse) and a total of 5 trails were analyzed. Manual synchronization of the MAL and insole data was performed in post-processing; a series of impulses were imparted by stomping quickly on the force plate at the start and end of the trial to provide temporal markers for alignment.
Though the insole develops 125 signals in time, a number of the traces on the flex circuit had intermittent connectivity issues as a result of poor layout and construction in this initial prototype. Unreliable signals are not included in the regression of validation, reducing the number of contributing signals (to a minimum of 97).
IV. RESULTS
Error was computed as the magnitude of the difference of the force measurements taken from the insole and the force plate.
The mean and standard deviation of error in each trial are displayed in Table I . Trials are listed in chronological order. Likewise, Table II in the trail presented in Fig. 6 were 3.5%, 3.1%, and 8.6% of the range in X, Y and Z, respectively. Likewise, Fig. 7 presents the result of another trial, again trained on the aggregate data of all other trails. In this plot, the synchronization pulses are not shown. The mean errors in Fig. 7 were 2.9%, 4.0%, and 6.2% in X, Y, and Z, respectively.
V. DISCUSSION AND CONCLUSIONS
The results demonstrate successful proof-of-concept measurement of three degree-of-freedom GRF in an insole-based system. Mean errors were within 10% of the range in these trials. This level of accuracy is somewhat lower than load-cell based systems. However, the insole system is less expensive, easier to manufacture, and should have a very small effect on the user's gait. Chronic gait GRF monitoring is possible with the system described, and it may be particularly useful for gait characterization outside of the laboratory environments.
It is interesting to note that the relative errors in all three directions are similar. The tactile sensors used in the present work are known to be much more sensitive to shear loads than normal loads (approximately one order of magnitude). The magnitude of the GRF in the vertical direction is much larger than the anterior/posterior and medial/lateral directions. These two factors result in the sensor error being somewhat uniform (as a percent of the true force).
Several known issues with the current system contribute to the error. The most evident is the analog continuity in the current layout of the flex-circuit. As mentioned previously, a number of sensors are shorted intermittently in-shoe, reducing the number of signals with which to determine force. This will be solved in future iterations with on-board digitization. Synchronizing the force plate and insole data for training and validation is currently performed by hand and, as such, has inherent repeatability and precision problems. Future work will incorporate simultaneous data capture on one machine to reduce this variability. In the tactile sensor design and characterization, the sensor is shown to have temperature dependence, however the insole as constructed does not contain temperature monitoring or compensation. This is a possible avenue of improvement. Other possible improvements which we are exploring include more sensor sites, repositioning of sensors, alternative insole thickness, silicones of different durometer and more advanced training models that incorporate nonlinearity and hysteresis. 
